The regulation of lipogenesis and lipolysis mechanisms related to consumption of lipid has not been studied in swimming crab. The aims of present study were to evaluate the effects of dietary lipid levels on growth, enzymes activities, and expression of genes of lipid metabolism in hepatopancreas of juvenile swimming crab. Three isonitrogenous diets were formulated to contain crude lipid levels at 5.8 %, 9.9 % and 15.1 %, respectively. Crabs fed the diet containing 15.1 % lipid had significantly lower weight gain, specific growth rate and survival, and higher feed conversion ratio than those fed the 5.8 % and 9.9 % lipid diets. Crabs fed 5.8 % lipid had lower malondialdehyde concentrations in the hemolymph and hepatopancreas than those fed the other diets. Highest glutathione peroxidase in hemolymph and superoxide dismutase in hepatopancreas were observed in crabs fed 5.8 % lipid. The lowest fatty acid synthase and glucose 6-phosphate dehydrogenase activities in hepatopancreas were observed in crabs fed 15.1 % lipid, whereas crabs fed 5.8 % lipid had lower carnitine palmitoyltransferase-1 activity than those fed the other diets. Crabs fed 15.1 % lipid showed lower hepatopancreas expression of genes involved in LC-PUFA biosynthesis, lipoprotein clearance, fatty acid uptake, fatty acid oxidation, lipid anabolism and lipid catabolism than those fed the other diets, whereas expression of some genes of lipoprotein assembly and fatty acid oxidation were up-regulated compared with crabs fed 5.8 % lipid. Overall, high dietary lipid level can inhibit growth, reduce feed utilization and reduce antioxidant enzyme activities. Moreover, dietary lipid influenced enzyme activities and gene expression involved in lipid metabolism of juvenile swimming crab.
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and glutathione peroxidase (GSH-Px) (10) (11) . Lipid oxidation products and metabolites such as malondialdehyde (MDA) can serve as markers of endogenous lipid peroxidation in tissues (12) (13) .
Swimming crab (P. trituberculatus) is an important crustacean species in mariculture and is widely distributed along the coastal waters of China, Korea and Japan (14) . Due to its economic value, the culture of P. trituberculatus is now expanding rapidly in China, and aquaculture production of this crab reached 119,777 tons in 2017 (15) . Until now, studies have focused mainly on dietary macronutrient requirements, such as protein and lipid, and optimal dietary lipid levels for P. trituberculatus have been reported to range from 4.2 % to 13.8 % (16-19) . However, the relationship between dietary lipid level and the regulation of lipid uptake, anabolism and catabolism has not been studied in P. trituberculatus. Therefore, the objectives of the present study were to evaluate the effects of dietary lipid level on growth performance, tissue fatty acid profiles, antioxidant capacity, and hematological characteristics, and to determine the mechanism whereby dietary lipid regulates lipid metabolism in the hepatopancreas of juvenile swimming crab.
Methods

Ethics statement
The present study was performed in strict accordance with the Standard Operation Procedures (SOPs) of the Guide for Use of Experimental Animals of Ningbo University. The experimental protocol and procedures were approved by the Institutional Animal Care and Use Committee of Ningbo University.
Diet preparation
Three isonitrogenous (47 % crude protein) diets were formulated to contain 5.8 %, 9.9 %, and 15.1 % crude lipid by the addition of fish oil, with cellulose used to balance the lipid levels.
Formulations and proximate compositions of the experimental diets are presented in Supplementary Table 1 , and fatty acid compositions of the diets and the fish oil utilized are Downloaded from https://www.cambridge.org/core. IP address: 54.70.40.11, on 26 Oct 2019 at 19:37:04, subject to the Cambridge Core terms of use, available at https://www.cambridge.org/core/terms. https://doi.org/10.1017/S0007114519002563
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Crude protein, crude lipid, ash and moisture contents of the diets and crab tissues (hepatopancreas and muscle) were analyzed by standard methods of the AOAC (20) . Crude protein (N × 6.25) was determined using the Dumas combustion method with an auto-protein analyser (FP-528, Leco, USA). Crude lipid was determined by the ether extraction method using a Soxtec System HT (Soxtec System HT6, Tecator, Hoganas, Sweden). Moisture content was determined by drying the samples to a constant weight at 105 °C, and ash content was determined in a muffle furnace at 550 °C for 8 h.
Fatty acid composition
The fatty acid profiles of fish oil, diets and crab tissues (hepatopancreas and muscle) were determined as described by Zuo et al. (13) with minor modifications. The freeze-dried samples (~80 mg hepatopancreas, and 120 mg muscle) were added to 12 ml volumetric glass screw cap tubes (teflon gasket), 3 ml potassium hydroxide in methanol (1 N) was added and heated at 72 °C in a water bath for 20 min. After cooling, 3 ml of 2N HCl in methanol was added and the mixture heated at 72 °C in a water bath for 20 min. Finally, 1 ml hexane was added to the mixture, shaken vigorously for 1 min, and then allowed to separate into two layers. Fatty acid methyl esters were separated and identified by GC-MS (Agilent technologies 7890B -5977A, USA) as detailed fully in Jin et al. (21) . Results were expressed as relative percentages of each fatty acid, calculated as the proportion of the area under the considered peak to the total area of all peaks.
Hemolymph biochemical analysis
The total protein (TP), cholesterol (CHOL), triacylglycerol (TAG), glucose (GLU), low-density lipoprotein-cholesterol (LDL-C) and high-density lipoprotein-cholesterol (HDL-C) contents in hemolymph were determined with an automatic chemistry analyzer (Hitachi 7600-110, Tokyo, Japan). 
Oxidation and antioxidant parameter assays
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All hemolymph samples were analyzed undiluted, except for the GSH-Px analysis (double dilution). Hepatopancreas samples were homogenised in nine volumes (w/v) of cold saline (0.89 % by w/v) and centrifuged at 956 g for 10 min at 4 ℃. The supernatant stored at -80 ℃ until used. Activities of CAT, SOD and GSH-Px, as well as the contents of MDA and protein, were assayed by commercial kits purchased from Nanjing Jiancheng Bioengineering Institute (Nanjing, China), according to the manufacturer's instructions by Multiskan spectrum (Thermo, USA).
SOD activity was measured with the diagnostic reagent kits. Briefly, superoxide anion radical, produced in the reaction of xanthine with O 2 , catalyzed by xanthine oxydase, reacts with hydroxylamine producing nitric ion. After nitric ion reacting with naphthalene diamine, sulfanilic acid produces a colored product. The concentration of this mixture is proportional to the amount of produced superoxide anion radical. One unit of SOD activity was defined as the amount of enzyme required for 1 mg tissue proteins or 1 ml serum in 1 ml of a reaction mixture SOD inhibition rates to 50 % as monitored at 550 nm.
GSH-Px levels were measured by the dithiobisnitrobenzoic acid method. A yellow product which shows absorbance at 420 nm is formed as GSH-Px reacted with dithiobisnitrobenzoic acid.
CAT activity in hepatopancreas was assayed by diagnostic reagent kits. One unit of CAT activity was defined as 1 mg tissue proteins consumed by 1μmol H 2 O 2 at 405 nm for a second.
Malondialdehyde (MDA) concentration was determined by the thiobarbituric acid method. A red adduct of MDA is formed with thiobarbituric acid, which shows absorbance at 532 nm.
Enzymatic activity assays
The activities of key enzymes of lipogenesis and lipolysis were determined in the hepatopancreas with three crabs per replicate. For this purpose, the hepatopancreas was homogenised (dilution 1:4) in ice-cold buffer (100 mM Tris-HCl, 0.1 mM EDTA and 0.1 % Triton X-100 (v/v), pH 7.8). Homogenates were centrifuged at 30000 g for 30 min at 4 °C.
After centrifugation, the resultant supernatant was collected and aliquots were stored at using six different dilutions of the cDNA samples, and the amplification efficiency was analysed using the equation: E = 10 (-1/Slope) -1 (23) . The amplification efficiencies of all genes were approximately equal and ranged from 90 % to 105 %. The relative expression levels were calculated using the 2 -ΔΔCt method as described by Livak and Schmittgen (24) . Briefly, the Efficiency of q-PCR was measured by the slope of a standard curve using serial dilutions of cDNA. Crab fed the 5.8 % lipid diet was used as the control group.
Statistical analysis
Results are presented as mean values with standard error (S.E.M.). Data were checked for normality and homogeneity of variances, and they were normalised when appropriate.
Proportional data were arcsine square root transformed before statistical analyses. Means were compared through one-way analysis of variance (ANOVA) followed by Tukey's multiple-range test. The level of significance was set at P < 0.05. All statistical analyses were conducted using the SPSS 20.0 software package (IBM Crop., USA) for Windows.
Results
Growth performance, feed utilization and morphologic index
Effects of dietary lipid levels on growth performance, feed utilization and morphologic indices are shown in Table 1 . Crabs fed the 15.1 % lipid diet showed significantly lower FW, WG, SGR and survival, and also had higher FCR, compared with crabs fed the 5.8 % and 9.9 % lipid diets. There was no significant difference in HSI among the treatments. Accepted manuscript
Hepatopancreas and muscle composition
Moisture and ash contents in hepatopancreas, and protein and ash contents in muscle were not significantly influenced by dietary lipid level ( Table 2 ). Lipid content in muscle and hepatopancreas significantly increased as dietary lipid level increased from 5.8 % to 9.9 %, but did not significantly increase when dietary lipid level increased from 9.9 % to 15.1 %.
Crabs fed the 15.1 % lipid diet had the lowest protein content in the hepatopancreas among the treatments. Table 2 insert here.
Hepatopancreas and muscle fatty acid profiles
The fatty acid compositions of hepatopancreas and muscle are shown in Tables 3 and 4 (Table 3) . Moreover, contents of 20:5n-3 (EPA), 22:6n-3 (DHA), total n-3 LC-PUFA, 20:4n-6 (arachidonic acid, ARA) and the n-3/n-6 ratio significantly increased as dietary lipid level increasing from 5.8 % to 9.9 % (Table 3) . Table 3 insert here.
Similar results were found in the muscle of juvenile swimming crab. Crabs fed the 5.8 % lipid diet had lower proportions of 18:1n-9, EPA, DHA, total n-3 LC-PUFA, ARA and lower n-3/n-6 PUFA ratio in muscle than those fed the diets containing 9.9 % or 15.1 % lipid (Table   4 ). However, there was no significant difference in total saturated fatty acids (SFA), monounsaturated fatty acids (MUFA) or DHA/EPA ratio in muscle among the dietary treatments. Table 4 insert here.
Hemolymph metabolites and anti-oxidant enzyme activities
The hematological parameters, and enzyme activities in hemolymph and hepatopancreas of Accepted manuscript swimming crab fed different dietary lipid levels are presented in Table 5 . Hemolymph TP and LDL-C contents significantly decreased as the dietary lipid level increased from 5.3 % to 9.9 %, whereas there were no significant differences in hemolymph total CHOL, TAG, GLU and HDL-C contents among all treatments.
The contents of malondialdehyde (MDA) both in the hemolymph and hepatopancreas significantly increased as dietary lipid level increased from 5.8 % to 9.9 %. However, hemolymph glutathione peroxidase (GSH-Px) and hepatopancreas superoxide dismutase (SOD) activities decreased as dietary lipid level increased, with highest GSH-Px and SOD activities observed in crabs fed the 5.8 % lipid diet. There were no significant differences in the activities of hemolymph SOD and hepatopancreas GSH-Px. 
Hepatopancreas enzyme activity involved in lipid metabolism
The lipid metabolic enzyme activities in hepatopancreas of juvenile swimming crabs fed different lipid levels are shown in Fig 
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The expression of the apod gene was up-regulated in crabs fed the 15.1 % lipid diet. In contrast, the lowest expression of lrp2, lpr1 and srb genes were observed in crabs fed the 15.1 % lipid diet. Expression of the lpr2 gene showed no significant differences among the treatments (Fig. 3) . 
Discussion
In the present study, the results indicated that the lower dietary lipid levels promoted growth and feed utilization, whereas the highest dietary lipid level retarded growth and decreased survival. These results were similar to previous studies for marine crustacea that demonstrated negative relationships between growth performance and dietary lipid level (17, (25) (26) . The dietary lipid requirement for juvenile swimming crab had been previously estimated to range from 4.2 % to 13.8 % (16) . Moreover, higher dietary lipid levels (> 10 %) are known to impair growth and survival of shrimp, probably due to a reduction in consumption caused by high caloric content or an inability to efficiently metabolise high levels of lipid (reduced digestibility) (1) . Aquatic animals can effectively digest a certain amount of dietary lipid and, when this is exceeded, the excess lipid is wasted in faeces (27) . 
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The results of the present study indicated that lipid content significantly increased in the muscle and hepatopancreas when dietary lipid increased from 5.8 % to 9.9 %. This was in agreement with previous findings of Han et al. (16) who reported that dietary lipid level influenced lipid retention in muscle and hepatopancreas for the same crab species. Therefore, excess dietary lipid may result in increased lipid deposition in liver or hepatopancreas, as observed previously in other crustaceans (28) (29) (30) (31) . In contrast, Sheen and Wu (32) indicated that mud crab fed a diet containing 12 % lipid had significantly lower body lipid deposition compared to crabs fed diets with lower lipid. The reason for this discrepancy might be ascribed to different species, life stage, culture conditions and/or experimental diet formulations.
Dietary lipid level and source is known to regulate lipogenesis and fatty acid bioconversion pathways, which may affect tissue lipid deposition and fatty acid composition.
The fatty acid composition of tissues in crustaceans is influenced by the fatty acid profile of the diet (1, 33) and, in the present study, the fatty acid composition in hepatopancreas and muscle of swimming crab reflected the dietary fatty acid profile. Due to its content of LC-PUFA, especially EPA and DHA, fish oil is widely used in aquatic feed, especially in mariculture of marine fish and crustaceans (34) . In the present study, crabs fed the 9.9% lipid diet had a higher proportion of DHA or EPA in hepatopancreas and muscle than those fed the 5.8% lipid diet. However, crabs fed the 15.1% lipid diet had similar levels of LC-PUFA compared to those fed the 9.9% lipid diet, suggesting that dietary lipids at relatively higher levels were not efficiently digested. However, the fatty acids profiles of hepatopancreas and muscle were not entirely consistent with each other, with the proportions of n-3 LC-PUFA, especially EPA and DHA, being higher in hepatopancreas than in muscle, similar to results found in mud crab (Scylla paramamosain) (31) .
SOD, as a first line of enzymatic-antioxidant defense, and GSH-Px, which may reduce organic lipid peroxides, were two important antioxidant enzymes that could protect cells from oxidative damage (10, 35) . In the present study, the activity of GSH-Px in hemolymph was lower when dietary lipid level exceeded 5.8 %, and crabs fed the 15.1 % diet had lower Accepted manuscript activity of SOD in the hepatopancreas than crabs fed the lower lipid diets. These results indicated that the antioxidant capacity of tissues decreased with increased dietary lipid level.
Tissue MDA concentrations reflect the extent of lipid peroxidation in the animal and indirectly indicate the degree of potential damage to cells (14) . In the present study, the contents of MDA both in hemolymph and hepatopancreas increased as dietary lipid increased from 5.8 % to 15.1%, indicating that lipid peroxidation products increased with increased dietary lipid level, possibly reflecting higher n-3 LC-PUFA levels. Overall, these results demonstrated that relatively high dietary lipid levels led to an increased risk of peroxidation and imposed a peroxidation burden (36) (37) .
In the present study, key genes involved in LC-PUFA biosynthesis, such as fad, elovl4, elovl, srebp1, hnf4ɑ and rxr, were significantly down-regulated when dietary lipid level increased from 5.8 % to 15.1 %, which was in agreement with previous studies in teleost fish when subjected to similar experimental conditions (38) . Moreover, some studies in crustaceans showed that fad and elovl4 expression was inhibited by the level of dietary fish oil (39) (40) (41) . This result may suggest that high dietary dietary fish oil could inhibit the synthesis of LC-PUFA in hepatopancreas of crab or, alternatively, that low dietary LC-PUFA activates endogenous production of these key fatty acids. In the present study, the expression levels of genes of transcription factors (srebp1, hnf4 and rxr) decreased with increased dietary lipid level, indicating that high dietary lipid (and especially high LC-PUFA) inhibited the transcriptional regulation of LC-PUFA biosynthesis pathways in the hepatopancreas of swimming crab.
Functional characterisation of fad and elovl4 cloned from swimming crab indicated that the conversion ratios were much lower than for vertebrates, (unpublished) and so their LC-PUFA biosynthesis activity may be very low.
Scavenger receptor class (Srb) is an integral membrane protein that can act as a receptor for lipoproteins (42) . The relative expression of the srb gene was down-regulated in crabs fed the 15.1 % lipid diet, which may be the main reason that leads to a reduction of low density lipoprotein in hemolymph. In mice, transport rates of LC-PUFA varied among members of the fatps family with relative rates of 8, 5, 2, 13, 2, 0 for fatp1 to fatp6 (43) . Similarly, fabp1, Accepted manuscript fabp3 and fabp9 have different specificities in the transport of fatty acids. For instance, fabp1 has a close relationship with the transport and uptake of LC-PUFA, and it specifically binds LC-PUFA in the cytoplasm (44) . It has been demonstrated that fabp3 has high affinity to LC-PUFA (especially EPA), but fabp9 affinity is reduced as the length of fatty acids increases in Eriocheir sinensis (45) . In addition to fabp1, the expression of lipoprotein receptor genes (lrp2, lpr1 and srb) and fatty acid uptake and transport genes (fabp3, fabp9 and fatp4) were down-regulated in crabs fed the 15.1 % lipid diet. The down-regulated expression of fabp family genes may be due to negative feedback regulation by high dietary lipid in order to prevent lipid deposition in the cells or tissues (46) . The down-regulation of lrp2 and lpr1 expression inhibited the absorption of lipoprotein, and the expression of fabp3, fabp9 and fatp4 also decreased, which reduced fatty acid transport and absorption in hepatopancreas when crabs were fed the 15.1 % lipid diet. The expression of the fabp1 gene increased when dietary lipid level increased from 5.8 % to 9.9 %, and then decreased as dietary lipid further increased to 15.1 %. Apod is a member of the apolipoprotein family, which function in lipid transport to maintain lipid balance of the organism (47) . But, it is also part of the antioxidant defense system, which protects cells and tissues from oxidative damage (48) . Thus, apod is also a sensitive pathological marker and an early prediction index of disease (49) . In the present study, crabs fed the 15.1 % lipid diet presented higher expression of the apod gene than crabs fed the other diets, which indicated that to protect hepatopancreas from oxidative damage, the antioxidant defense systems must be activated by up-regulated expression of apod.
Both carnitine palmitoyltransferase (CPT) and acyl-CoA oxidase (ACO) are key enzymes of fatty acid β-oxidation. In the present study, the relative expression of cpt1 was up-regulated as dietary lipid level increased from 5.8 % to 9.9 %, which was consistent with results reported in large yellow croaker (50) . In contrast, the relative expression of cpt2 decreased with increased dietary lipid level, suggesting that the accumulation of acyl-carnitine between the inner and outer membrane of mitochondria reduced the entry of long-chain fatty acids into the mitochondrial matrix, and thus led to reduced β-oxidation.
Meanwhile, the expression of the β-oxidation genes (cpt2, acox1, acox2 and acox3) in the Dietary lipid level can affect the expression of lipolytic genes such as hsl and lpl (3, 50) . In the present study, the relative expression of hsl was down-regulated as dietary lipid level increased from 5.8 % to 9.9 %, which was in agreement with studies in the teleost black seabream (21) . However, lpl was not significantly influenced by dietary lipid level, which was also in agreement with previous studies in red sea bream (53) and large yellow croaker (50, 54) .
Moreover, the lipolytic genes tgl and pl were down-regulated in hepatopancreas when the crabs were fed diets containing 15.1 % and 9.9 % lipid, respectively. In addition, high dietary lipid appeared to inhibit the expression of intracellular lipase (il), which may suggest decreased ability for digestive hydrolysis of lipid droplets in hepatopancreas. Excessive dietary lipid also inhibited the catabolic response of triglycerides in hepatopancreas, reducing Accepted manuscript the capability for lipid digestion and utilization, and thus promoting lipid deposition in hepatopancreas and muscle.
Conclusions
The results of present study indicated that dietary lipid level affected growth performance, 
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Shanghai Ocean University. Accepted manuscript trituberculatus exposed to salinity stress. Marine Biology 158 (10), 2161-2172. Data represent means ± S.EM (n = 4). Values in the same row with different superscript letters are significantly different (P < 0.05) between treatments. Some fatty acids in trace amount such as 20:0, 22:0, 24:0, 18:4n-3, 20:3n-3, 22:5n-3, 18:3n-6, 20:2n-6 and 22:5n-6 were not listed.
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MUFA, monounsaturated fatty acids; n-3 LC-PUFA, n-3 long-chain PUFA; PUFA, polyunsaturated fatty acids; SFA, saturated fatty acids. Accepted manuscript Accepted manuscript Data represent means ± SEM (n = 4). Values in the same row with different superscript letters are significantly different (P < 0.05) between treatments. CAT: catalase; GSH-Px: glutathione peroxidase; MDA, malondialdehyde; SOD, superoxide dismutase.
